We study the orientational dynamics of heavy silica microrods flowing through a microfluidic channel. Comparing experiments and Brownian dynamics simulations we identify different particle orbits, in particular in-plane tumbling behavior, which cannot be explained by classical Jeffery theory, and we relate this behavior to the rotational diffusion of the rods. By constructing the full, three-dimensional, orientation distribution, we describe the rod trajectories and quantify the persistence of Jeffery orbits using temporal correlation functions of the Jeffery constant. We find that our colloidal rods lose memory of their initial configuration in about a second, corresponding to half a Jeffery period.
We study the orientational dynamics of heavy silica microrods flowing through a microfluidic channel. Comparing experiments and Brownian dynamics simulations we identify different particle orbits, in particular in-plane tumbling behavior, which cannot be explained by classical Jeffery theory, and we relate this behavior to the rotational diffusion of the rods. By constructing the full, three-dimensional, orientation distribution, we describe the rod trajectories and quantify the persistence of Jeffery orbits using temporal correlation functions of the Jeffery constant. We find that our colloidal rods lose memory of their initial configuration in about a second, corresponding to half a Jeffery period.
Understanding the physics of a micron-scale, elongated particle moving in viscous flows is widely relevant. Examples include the effect of shape on nano-particle assisted drug delivery 1 , the dynamics of flowing suspensions of bacteria 2 , nanoengineering optically anisotropic devices 3 and the processing of food and pastes 4 . The orientational behaviour of a single, non-Brownian, ellipsoidal rod in a simple shear flow was analysed theoretically in a classic paper by Jeffery in 1922 5 who found that the orientation of an axisymmetric ellipsoid undergoes a periodic motion on the unit sphere. Assuming that the flow is in the x direction and that the shear gradient is along z [see also Fig. 1 (a) for non-uniform shear], the specific orbit a particle follows is determined by its aspect ratio λ , the shear rateγ and the Jeffery constant C = n 2 x + n 2 z /λ 2 /n y which depends on the initial orientation of the rod and ranges from -∞ to ∞. Here, the unit vector n = n xx + n yŷ + n zẑ points along the long axis of the particle. For C = ±∞ the rod rotates in the xz-plane. It is oriented along the direction of flow for most of the time, but periodically "tumbles", i.e. flips its orientation by 180 • . For smaller values of C, the motion has a finite y-component, and looks very similar to the trajectory of the paddles of a kayak if viewed from the side, hence the term "kayaking" for these orbits. At C = 0, the rod orients along the y-direction and only rotates around its long axis. This last type of motion is called "log-rolling", and has been shown to be unstable for rod-shaped particles 6 . Experiments on single rods, carried out in the non-Brownian regime, have demonstrated the applicability of Jeffery's ideas 7 .
Subsequent research has shown how the many perturbations present in flowing channels can affect the reproducibility and longevity of the orbits. For example, even small deviations from a perfect axisymmetric rod shape can lead to the appearance of doubly periodic and chaotic orbits, and these have been studied both theoretically and experimentally [8] [9] [10] . The proximity of channel walls [11] [12] [13] [14] [15] , inertia 6 and the viscoelasticity of the shearing fluid 16 have also been shown to perturb the Jeffery solution. Furthermore, noise may also affect the orbits: for smaller rods, where Brownian motion (i.e. thermal noise) is relevant, there has been work using rheo-optical techniques to measure rod distributions 17, 18 , and these have been been compared to theoretical predictions and Brownian dynamics simulations [19] [20] [21] [22] . However, we are not aware of any existing experiments tracking individual trajectories of highly Brownian rods under shear.
With the advent of improved imaging techniques such experiments are now possible and here we describe observations of the individual trajectories of rods which are about 3 microns in length as they move through microchannels under Poiseuille flow. Orbits are modified substantially in the presence of strong thermal noise which affects the orientational motion of individual rods. In particular we find that, for rods a few microns in length, Jeffery orbits can only be observed at very large shear rates, and that the persistence of Jeffery orbits is very sensitive to the size of the rods.
Reconstructing the full three-dimensional distribution of orientations we quantify the competition between Jeffery rotation and strong rotational Brownian motion which leads to fast decorrelation of the orientational state of a rod. We quantify this in terms of the decay of the temporal autocorrelation of the Jeffery 'constant': whereas 30 µm rods are well described by neglecting rotational diffusion 7 , rods of 3.3 µm typically do not complete even a single complete Jeffery rotation. Using Brownian Dynamics simulations we show that Brownian noise, Jeffery rotation, and gravity are sufficient to explain the experimental results.
Silica rods with length 3 − 4µm, diameter 0.5 − 0.7µm and average aspect ratio λ = 5.5 23 were dispersed in deionised water. The concentration of rods was 10 particles per nl at most, such that the particles were far apart and did not interact with each other. The rods were not perfectly symmetric but bullet-shaped, with one end being a spherical cap while the other end was straight 24 . Microfluidic devices with a simple, unbranched channel, of height H = 10µm and width 300µm, were prepared using standard softlithography techniques for PDMS. The channel consisted of two bends which were purely to increase the length of the channel, so that the rods had enough time to settle and reach a steady state before being imaged. Particles were imaged in the centre of the second straight segment, such that the effect of the bends as well as the lateral side walls could be neglected. Channels were plasma cleaned before use and a flow was achieved by imposing a pressure difference between the inlet and outlet tubes. As the silica rods sediment easily, the rods were expected to be distributed around the bottom wall of the channel.
The system was imaged in the xy-plane, using a Zeiss LSM 5 Exciter in bright field mode, with a 63 x 1.4 NA oil-immersion objective. Image series of 1000 frames with a rate of 10 frames per second were recorded using a Ximea MQ042MG-CM CMOS camera. Particles were thus tracked through time and their positions, orientations in the xy-plane, φ = arctan(n y /|n x |), and lengths L p projected to the xy plane determined in each frame using image analysis techniques. In total we analyzed the data for 115 rods which were tracked for at least for 25 frames or 2.5s.
The instantaneous and average velocity of each particle was determined by calculating the distance travelled in a frame or complete track respectively, and dividing by the time. The instantaneous velocity was found to be relatively constant for all particles, changing by no more than a few µms −1 throughout the time the particle was tracked. In contrast, the mean velocities of individual rods are spread in a range of 10−40µms −1 and peaked around 25µms −1 , see Fig. 2 (a). As the width and length of the channels are much larger than their height, the flow profile was comparable to a Hele-Shaw flow 25 , i.e. a plane Poiseuille flow in the xz-plane, whereas the flow velocity was constant in the xy-plane except close to the side walls. The particles flowing through the channels therefore experienced a non-uniform, asymmetric shear in the xz-plane, see Fig. 1(a) . Since in Poiseuille flow the velocity of rods is connected to the lateral position in the channel, we conclude that different rods move at different average distances from the bottom surface but stay at almost constant height for individual tracks.
Examples of rod behavior, illustrated in Fig. 1 , show clearly that the orientational behaviour of the rods did not follow simple Jeffery orbits. For some rods Jeffery-like kayaking behavior was observed ( Fig. 1(c) ) where the rod's orientation n x occasionally flipped by approximately 180 • while n y remained either positive or negative ( Fig. 1(d) ). However, most of the rods were able to change the sign of n y dynamically so that the rods then tumbled in the xy plane (see Fig. 1 (b,e)), which is not possible for nonBrownian Jeffery orbits. Other trajectories showed even more irregular motion where no clear oscillation could be identified [see for example Fig. 1(f) ]. Simple Jeffery tumbling motion in the xz plane was not observed. Figure 2(b) shows the time-and ensemble averaged distribution for the angle φ which characterises the rod orientation in the xyplane. The distribution is peaked and almost symmetric around zero, meaning the particles are most likely to align with the flowdirection. The lengths L p of the rods projected to the xy plane are plotted in Fig. 2(c) . The distribution peaks around 3.1µm and does not have a sharp cut-off to larger lengths due to the polydispersity of the rods and due to effects coming from the finite resolution of the image analysis. The width of the distribution to smaller lengths stems from the out-of-plane orientation of rods.
While the angle φ can be extracted directly from the tracked rods in the xy-plane, determining the out-of-plane angle θ = arcsin |n z | is less obvious. The length of the rod in the z direction is unknown and cannot be simply extracted from L p due to the small polydispersity in the length L of our rods. Following Ref. 23 , θ is calculated using θ = arcsin
Since it is not possible to measure the length L of each individual rod, we use L = 3.3µm, the average rod length, for all rods. Hence, θ can only be estimated, and it is possible that L p > L. In this case we always assume that the rod is aligned in the xy-plane, where θ = π/2. In Fig. 2(d) we show the distribution of θ which includes the artificial peak at θ = π/2. Note that while we can fully determine the orientation components n x and n y , which lie in the range (−1, 1), we can estimate n z = sin θ only up to a sign, and we chose n z > 0, see Fig. 1 . The observed orientational behavior of the silica rods deviates in many ways from Jeffery's theory. The most obvious difference lies in the aperiodicity of the dynamics and the apparent random jumping between orbits characterised by different values of the Jeffery constant C. The Brownian motion of the rods changes their orientation in such a way that they move continually from one orbit to another, leading to randomness in the orientational dynamics.
In order to identify the relative importance and interplay of shear rate, Brownian noise, gravity and confinement, we performed Brownian Dynamics (BD) simulations of an ellipsoid in Poiseuille flow using the experimental parameters. A rod is approximated by a prolate ellipsoid of length L = 3.3µm, width W = 0.6µm, aspect ratio λ = 5.5 and volume V = 0.62µm 3 . We approximate the parallel and perpendicular translational (D || and D ⊥ ) and rotational (D r ) diffusion coefficients of a rod at room temperature and water viscosity using analytic expressions for a prolate ellipsoid 26 , which gives D || = 0.39µm 2 s −1 , D ⊥ = 0.29µm 2 s −1 , D r = 0.21s −1 . Since the rods are approximately 90% heavier than water, they experience a density difference ∆ρ = 900kg/m 3 23 resulting in a typical sedimentation velocity v s = V ∆ρg/γ s = 0.46µms −1 , where γ s is a typical friction coefficient estimated as γ s = 2k B T /(D || + D ⊥ ). The corresponding gravitational Péclet number 27 α = V ∆ρgL/k B T = 4.2, or, equivalently, the sedimentation length is L sed = L/α = 0.7µm. Hence L sed + L/2 can be interpreted as the typical length a rod is away from the bottom wall due to thermal fluctuations and steric effects.
The rod moves in a planar Poiseuille flow v f characterized by a wall shear rateγ. We use the experimental channel dimensions and do not allow the rod to penetrate the walls. Brownian dynamics simulations are used to calculate the rod position r and orientation n:
where H accounts for the translational diffusion of the rod (for details see Ref. 28 ), Ω J (n; z) is Jeffery's reorientation rate which depends linearly on the local shear rateγ l (z) =γ(1 − 2z/H), and ξ and ξ r denote Gaussian white noise. We perform simulations for different wall shear ratesγ, averaging over 5000 rods with random initial conditions for each value of the shear. We find, as expected, that after equilibration all the rods are distributed in the lower half of the channel because of sedimentation due to gravity, see inset of Fig. 2(d) . The shear rateγ could be inferred from measurements of the distribution of particle velocities: usingγ = 18s −1 results in a velocity distribution that matches the experiments very well (see the orange curve in Fig. 2(a) ). This value is used to create all of the simulation results shown in Figs. 2 and 3 . We note that without including the sedimentation of the rods the velocity distribution cannot be reproduced.
We identify the same qualitative orientational behavior as observed in the experiments, as shown by the examples in Fig. 1(df) . As a more quantitative comparison we compare the orientation distributions for the angles φ and θ in Fig. 2(b,d) , obtaining the same trends as in the experiments. The peak for φ is more pronounced in the simulations which could result from the small shape asymmetry of the rods and possible hydrodynamic rod-wall interactions which are neglected in the simulations. The distribution for θ essentially captures the experimental values, but does not show the artificial sharp peak at θ = π/2. We also compare the distributions of projected rod lengths L p in Fig. 2(c) . The simulations reproduce the experiments well if we assume that the rod length L is normally distributed with standard deviation σ = 0.25µm.
Brownian motion gives an explanation for the xy-tumbling motion, which is not predicted by Jeffery theory, and which has not been observed for anisotropic particles. If the rods follow a kayaking trajectory with a large amplitude, they come very close to aligning with the x-axis after each flip. In a Jeffery orbit a rod spends most of its time in this flow-aligned orientation. Similarly here the particle will spend some time performing Brownian motion around the flow-aligned direction, which could pull it to the other side of the x-axis before it starts another kayaking cycle, effectively making it tumble in the xy-plane. This is confirmed by our simulations, and an example trajectory is shown in Fig. 1(e) .
To quantify the competition between periodic Jeffery orbits and the influence of noise we determine the instantaneous Jeffery "constants" C(t) from both experiments and simulations. For convenience we use a modified Jeffery constant C = sign(C)/(1 + |C|) which maps to the interval C ∈ {−1, 1} where C = 0 corresponds to C = ±∞ (rotation in xz plane) and C = ±1 to C = 0 (log rolling). The particle-and time-averaged distributions of C , which are shown in Fig. 3(a) , match reasonably well between experiments and simulations. In particular they show maxima in the distributions around C ∼ ±0.25. To determine the persistence of a Jeffery orbit, we compute the temporal C auto-correlation function C (t)C (0) which decays approximately exponentially as exp(−t/τ) (Fig. 3(b) ). The decay time τ ≈ 1s agrees very well between experiments (τ = 1.16s) and simulations (τ = 1.05s).
It is instructive to compare τ to the Jeffery oscillation period t J = 2π(λ + λ −1 )/γ = 1.98s. τ/t J gives the number of Jeffery oscillations a rod performs before losing information about its Jeffery orbit state. Since in our system τ/t J ≈ 0.5 the rod does not even finish one turn before its state decorrelates, reiterating that we do not observe clear Jeffery orbits in the experiments or simulations.
In Fig. 4(a) we show the dependence of the Jeffery decorrelation time τ on the wall shear rateγ. We observe that τ decreases with increasingγ meaning that stronger shear leads to faster decorrelation. Interestingly, τ is smaller than the rotational diffusion time τ r = 1/(2D r ) = 2.38s [dashed blue curve in Fig. 4(a) ] but approaches τ r for vanishing shear rates [see inset of Fig. 4(a) ], when the system is essentially governed by Brownian fluctuations only. Thus, at higher rates there is a competition between the relatively fast rotation on the unit sphere helping the fluctuations to faster decorrelate the memory of the Jeffery orbits and faster shear rates, and hence rotation rates, helping rods to finish Jeffery rotations before they are fully decorrelated. This can be seen in Fig. 4(b) , where we plot τ per Jeffery reorientation time t J which increases linearly withγ for smallγ, and sub-linearly for higheṙ γ, in accordance with Fig. 4(a) , since t J ∼γ −1 . This indicates that only very large shear rates of O(10 2 s −1 ) would allow clear Jef- fery orbits to be observed for several oscillations in experiments using our rods. Indeed such clear orbits have been observed for tumbling bacterial cell bodies in strong shear 29 .
We also analyze the dependence of τ/t J on the rod length L while keeping the shear rateγ = 18s −1 and L/H = 0.33 constant. Fig. 4(c) shows a strong dependence on the rod length. For example, 10µm long rods would already perform about 10 persistent oscillations. Again, for very small lengths L the orientational dynamics is mainly governed by rotational Brownian noise since τ r ∼ L 3 . Indeed we show in the inset of Fig. 4(c) that τ ∼ L 3 and that τ approaches τ r for rod lengths on the order of L 500nm.
The fact that for both smallγ and small L the dynamics is governed by Brownian fluctuations, while for largeγ and L the dynamics becomes determinstic, can be captured by the rotational Péclet number Pe=τ r /t J = f (λ )γ/D r with f (λ ) = [4π(λ + λ −1 )] −1 which compares the rotational diffusion time with the Jeffery reorientation time. For our rods the shape function f (λ ) = f (5.5) = 0.014 and our experiments are performed at Pe = 1.2. (Note that a common alternative definition of Pe omits this shape function.)
We plot the results for both varying shear rate and varying rod length, as discussed in Fig. 4(a-c) , as a function of Pe in Fig. 4(d) . Indeed the data for varyingγ (shown in orange) and varying L (shown in black) collapses to a single curve. As expected, for very small Pe, τ ∼ Pe.
Finally we note that these results are not a consequence of gravity-and noise-induced cross-streamline migration or the steric interaction with the walls: Keeping the z position of the particles fixed, for example at z = 0.2H, does not modify the results significantly, as shown in Fig. 4 .
We have studied colloidal rods flowing in a plane Poiseuille flow, and observed particles performing stochastic kayaking and xy-tumbling motions. The latter behavior is not modelled within Jeffery theory, but can be explained by the Brownian nature of the rods. Rods are able to switch between different states, and their dynamics can be quantified by the Jeffery constant and its temporal correlations. Based on our findings, it would be interesting to study in the future the influence of the Brownian motion on denser suspensions of colloidal rods.
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